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Abstract
The development of new approaches to tuning the resonant magnetic response of
simple all-dielectric nanostructures is very important in modern nanophotonics. Here
we show that a resonant magnetic octupole (MOCT) response can be obtained by
dividing a solid rectangular silicon block to an oligomer structure with the introduction
of narrow gaps between four nanocubes. We control and tune the spectral position of
the MOCT resonance by varying the distance between the nanocubes. We demonstrate
that several magnetic hot-spots related to the MOCT resonance can be located in the
gaps creating a strong magnetic field gradient in free space. We observe that the
resonant excitation of the MOCT moment leads to a significant enhancement of light
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absorption in the system at the spectral region, where light absorption in bulk silicon
is weak. The results of this work can be applied to design new composite antennas
and metamaterials based on complex building blocks, energy harvesting devices and
molecular trapping with magnetic hot-spots.
Introduction
Dielectric nanophotonics is one of the most actively developing fields in photonics research.1–3
A variety of applications of dielectric nanostructures in technological devices has led to a
growing interest of scientific groups over the globe. One very important property of dielectric
structures in comparison to their metal counterparts is the opportunity to control electric and
magnetic components of light due to the excitation of electric and magnetic multipole res-
onances4–6 with the simultaneous accumulation of electromagnetic energy.6–8 Additionally,
dielectric high-index particles have commercial value due to the low resonant absorption
in optical range,9 while plasmonic structures experience significant Ohmic losses.10–12 To
study scattering of light by dielectric nanostructures one can use the multipole decomposi-
tion approach, already widespead in scientific investigations13–26 including different spectral
ranges.27,28 State-of-the-art literature reports that the multipole responses can be tuned
by changing particles’ geometry,29 size, aspect ratio, material dispersion and the refractive
index of surrounding media. Several recent studies have focused on high-order multipole
excitations.30–34
Owing to the large value of refractive index and low losses in near-infrared35 silicon is
the most suitable material for the resonant dielectric nanophotonics4 and structures devel-
opment.36–39 For instance, silicon nanostrips placed on optical waveguide allows for prob-
ing forbidden overtone transitions.40 If placed on top of a lossy plasmonic material, silicon
nanostrip allows for the realization of the cloaking effect and manipulation with waveguide’s
evanescent fields.41
Dimers, oligomers and other dielectric nanostructures (fabricated from silicon) are used
2
for magnetic field concentration and enhancement.42,43 In this work we study the optical
properties of the silicon oligomer which supports the resonant excitation of a magnetic oc-
tupole moment and allows it to be controlled using structure parameters. We show that a
solid block of crystalline silicon does not support magnetic octupole resonances, and that
simply cutting it enables a resonant magnetic octupole response of the resulting silicon
oligomer.
This effect leads to both the magnetic field enhancement inside the structure’s slits and to
increased light absorption by the structure. Moreover, the location of magnetic hotspots can
be switched using incident light polarization. The suggested structures can be used to design
modern optical devices and for efficient light control using magnetic octupole excitation. It
is worth noting, that the achieved magnetic octupole response appears in an unusual part
of the spectrum: for a bulk structure of comparable size, it would appear at far shorter
wavelengths. In general, tailoring the resonant response of high-order multipole moments
over the optical spectral range opens new opportunities in practical applications, e.g. sensors,
detectors, and selective or directive nanoantennas.
Theoretical Background
Here we use multipole decomposition approach described in13,44–46 including multipole mo-
ments up to the magnetic octupole (MOCT) term. To study the multipole contributions to
a scattering cross-section of full oligomer structure presented in Fig. 1 we consider it as an
unite system. The center of mass of the system is in the origin of the coordinate system.
In our approximation a scattering cross-section of a particle in a homogeneous host
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Figure 1: The artistic representation of the oligomer of silicon cubes.
medium can be presented as (see46 for details):
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where Einc is the electric field amplitude of the incident light wave, εd = n
2
d is the dielectric
permittivity of the surrounding medium, ε0 is the vacuum electric permittivity and vd =
c/
√
εd is the light speed in the surrounding medium; k0 and kd are the wavenumbers in
vacuum and in the surrounding medium, correspondingly. m is the magnetic dipole moment
(MD) of a particle; D is the total electric dipole moment (TED); Qˆ, Mˆ , Oˆ and Oˆm are
the electric quadrupole tensor (EQ), the magnetic quadrupole tensor (MQ), the tensor of
electric octupole (OCT), and the tensor of magnetic octupole (MOCT), respectively. Here ||
denotes the sum of squared tensor components. Note that these tensors are symmetric and
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traceless, and in tensor notation, e.g., Qˆ is equal to Qαβ (for quadrupole moments) and Oˆ
is equal to Oαβγ (for octupole moments), where subscript indices denote components (e.g,
α = x, y, z).44 Let us also show the expressions used here for the Cartesian electric and
magnetic octupole moments, expanding the multipole decomposition at45 :
Oˆ =
15i
ω
∫
Vs
j2(kdr
′)
(kdr′)2
(
jr′r′ + r′jr′ + r′r′j− Aˆ
)
dr′, (2)
Oˆm =
105
4
∫
Vs
j3(kdr
′)
(kdr′)3
([r′ × j]r′r′ + r′[r′ × j]r′
+ r′r′[r′ × j]− Aˆ′
)
dr′, (3)
where vector j is the electric current density induced in the scatterer by an incident light wave
and r′ is the radius vector of a volume element inside the scatterer; j2, j3 are the spherical
Bessel functions, Vs is a scatterer volume, and the tensors Aˆ and Aˆ′ are
Aβγτ = δβγVτ + δβτVγ + δγτVβ, (4)
A′βγτ = δβγV
′
τ + δβτV
′
γ + δγτV
′
β, (5)
where β = x, y, z; γ = x, y, z; τ = x, y, z; δβγ is the Kronecker delta,
V =
1
5
[2(r′ · j)r′ + r′2j], (6)
V′ =
1
5
r′2 [r′ × j] . (7)
The combinations of three vectors (like jr′r′) in (2) and (3) are the tensor products of the
corresponding vectors. Detailed derivations are presented in Ref.46
The total scattering cross-section is obtained through the integration of the Pointing
vector over a closed surface in the far-field zone and the normalization to the incident field
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Figure 2: Scattering cross-section spectra and corresponding multipoles’ contributions cal-
culated for: (a) the single silicon block of height H = 250 nm and base edge 500 nm; (b,c,d)
the oligomer of silicon cubes. The distance between cubes in the oligomer is (b) D = 25 nm
(c) D = 50 nm (d) D = 100 nm. ’Sum Scat’ states for the scattering cross-section as the
sum of the multipole contributions; ’Total scat (COMSOL)’ states for the total scattering
cross-sections calculated directly in COMSOL.
intensity.
Results and discussion
In this work, we study previously unrevealed MOCT-induced optical properties of silicon
oligomers. We learn how to use controllable resonant MOCT excitation to tailor magnetic
hot-spots and resonant energy absorption. The considered systems are the silicon block with
dimensions equal to 500 × 500 × 250 nm, which represents zero distance between silicon
cubes in Fig. 1 and silicon oligomers composed of four Si cubes (250× 250× 250 nm) with
distance between them D = 25, 50 and 100 nm. These structures are illuminated with a
linearly polarized plane wave as shown in Fig. 1. To investigate scattering cross-section
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spectral resonances, we apply the multipole decomposition technique which shows good
performance in all cases considered (Fig. 2). The almost perfect agreement between the
sum of the multipole contributions and the directly calculated scattered cross-section proves
that the multipole approach is sufficiently accurate. Fig. 2 (a) shows the scattering cross-
section spectrum calculated for the solid silicon block. One can note that both the resonant
multipole contributions and the total scattering cross-section in this case significantly differ
from the spectra in Fig. 2 (b,c,d) due to the introduction of inhomogeneity to the system.
In this way, the conversion of the solid block to the oligomer structure leads to a strong
reconfiguration of electric and magnetic fields in the system and to a higher order multipole
excitation. Surprisingly, the presence of narrow air gaps in the oligomer leads to the excita-
tion of the MOCT moment in the considered spectral range. Note that this is not related to
the increase in the total structure size, since our calculations for solid blocks with the edge
of 525 nm do not show MOCT resonances in the considered spectral range. To visualize
this, we show the total scattering cross-section of 525× 525× 250 nm silicon block (dashed
line in Fig. 2 (b)) in order to compare it with the case of the corresponding oligomer. It
can be seen that there is no resonant response between λ = 850 nm and λ = 900 nm; small
resonant peak at λ = 840 nm corresponds to EQ.
Let us consider in detail the resonant excitation of the magnetic octupole moment at the
wavelengths of 850 - 900 nm. Cutting the solid block enables MOCT resonance weakening
with increasting the intercube distance. The resonant MOCT peak occurs at λ = 874 nm in
Fig. 2 (b), at λ = 863 nm in Fig. 2 (c) and at λ = 852 nm in Fig. 2 (d). While attenuating,
the resonant peak also experiences a blue shift. Moreover, the multipole decomposition and
scattering cross-section do not depend on rotation of the incident plane wave polarization
by 45◦ (not demonstrated in figures).
Figure 3 shows the magnetic field magnitude at the MOCT resonance. It is important for
practical applications to be able to create the so-called magnetic hot spots in free space.42
Due to structuring, the total magnetic field in the gaps can be enhanced (comparing to the
7
Figure 3: (a) Coefficient of the magnetic field amplitude enhancement in (xy) - plane (z =
0) of the silicon oligomer with (a) D = 50 nm, λ = 874 nm (b) D = 25 nm, λ = 863nm.
Color bar is the same for both pictures.
incident one) up to ≈ 10 times for D = 50 nm (Fig. 3 (a)) and ≈ 14 times for D = 25 nm
(Fig. 3 (b)). Strong local magnetic fields can be used to control or detect small quantum
objects (quantum dots, atoms, and molecules) supporting magnetic optical transitions.47
Magnetic hot-spots are also useful for spectroscopy,48 better enhancement of Raman scat-
tering, fluorescence and circular dichroism of molecules,49 sensing50 and other applications.
The location of obtained hotspots can also be tuned using the incident light polarization.
The hotspots move to another air gaps if the polarization is rotated by 90◦ (i.e. if electric
field polarized along perpendicular axis. It is possible to exploit this effect to design magnetic
switchers at the nanoscale.
In addition to the magnetic field enhancement, MOCT resonance can provide a strong
electromagnetic absorption in the oligomer. Figure 4 (a) shows the comparison of absorbed
power for λ between 850 nm and 900 nm for the solid silicon block and the oligomer with
the distance D = 25 nm between the cubes. Figure 4 (b) proves that the discovered energy
absorption peak spectrally corresponds to the MOCT resonance. It is worth noting that
in this spectral range natural light absorption by silicon is small. Therefor, air gaps in
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Figure 4: Spectra of the (a) normalized absorption power and (b) MOCT contribution to the
scattering cross-section calculated for a single silicon block of height H = 250 nm and base
edge 500 nm (green lines) and the oligomer of silicon cubes with the distance between cubes
D = 25 nm (red lines). The absorption peak in the structure clearly corresponds to the
resonant excitation of MOCT moment. (c) Normalized electric field inside the solid block
(top) and oligomer (bottom) at λ = 874 nm. One can see that resonant MOCT response
provides strong electric field concentration leading to the resonant absorption in the silicon
oligomer.
the oligomer structure cause strong absorption in silicon, despite its very small Im(n) ≈
0.08. Fig. 4 (c) compares the electric field inside the silicon block and oligomer structure.
Clearly, resonant magnetic octupole response leads to a strong electric field concentration
and, therefore, to the resonant absorption in the silicon oligomer. The spectral position of
the MOCT resonance and, hence, the position of the absorption peak can be changed by
varying the distance between the cubes. Such the tunable absorption can be widely used
to control the energy concentration by dielectric structures and to design modern optical
devices.
Conclusion
In this work we study resonant MOCT excitation which leads to controlled magnetic hot-
spots and resonant absorption by the nanostructure. We analyze the multipole contributions
to the scattering cross-section and reveal the excitation of magnetic octupole due to the cou-
pling effects in this structure as compared to the single cube. To the best of our knowledge,
9
the resonant excitation of a magnetic octupole moment in dielectric oligomers demonstrated
and analyzed in detail for the first time. In this work, we show how to control MOCT res-
onant excitation and its spectral position. In addition, we reveal its possible application to
obtain magnetic hot-spots and to absorb electromagnetic energy in the nanostructure. The
magnetic field in the air gap between the nanocubes can be 14 times larger in comparison
with incident one, and is even stronger inside the nanostructure. Moreover, the magnetic
hotspots can be switched between different slits simply by changing incident light polariza-
tion. Use of oligomers as building blocks for metasurfaces promises even higher magnetic
field enhancement due to potential excitation of so-called trapped modes. Besides, resonant
magnetic octupole response can be widely used for spectroscopy, sensing, small quantum
objects detection, and many other promising applications.
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